Abstract a-Linolenic acid (ALA), a major fatty acid in flaxseed oil, has multiple functionalities such as anticardiovascular and anti-hypertensive activities. In this study, we investigated the effects of ALA on lipid metabolism and studied the possible mechanisms of its action in differentiated 3T3-L1 adipocytes using DNA microarray analysis. From a total of 34,325 genes in the DNA chip, 87 genes were down-regulated and 185 genes were up-regulated at least twofold in differentiated 3T3-L1 adipocyte cells treated with 300 lM ALA for a week, 5-12 days after induction of cell differentiation, compared to ALA-untreated 3T3-L1 adipocytes (control). From the Reactome analysis results, eight lipid metabolism-related genes involved in cholesterol and triacylglycerol biosynthesis pathway and lipid transport were significantly down-regulated by ALA treatment. Furthermore, ALA significantly decreased the mRNA expressions of sterol regulatory element binding protein (SREBP)-2, SREBP-1a, SREBP-1c and fatty acid synthase (FAS) in 3T3-L1 adipocyte cells. On the other hand, the average levels of the gene expressions of carnitine palmitoyltransferase 1a (CPT-1a) and leptin in 300 lM ALA treatment were increased by 1.7-and 2.9-fold, respectively, followed by an increase in the intracellular ATP content. These results show that ALA is likely to inhibit cholesterol and fatty acid biosynthesis pathway by suppressing the expression of transcriptional factor SREBPs. Furthermore, ALA promotes fatty acid oxidation in 3T3-L1 adipocytes, thereby increasing its health benefits.
Introduction
Flax (Linum usitatissimum) is one of the richest sources of ALA (18:3n-1) (Cunnane et al. 1993; Romans et al. 1995) . Flaxseeds, which are an ingredient in multigrain breads and topping for breads, bagels and muffins in Europe, Canada and the USA, contain 37 % of its mass as oil of which 50 % is ALA (Cunnane et al. 1993; Romans et al. 1995) . Flaxseeds are consumed daily and have been the focus of interest in the field of food and nutrition elements due to their potential health benefits.
ALA, one of the n-3 polyunsaturated fatty acids (PUFAs) which are the essential fatty acids in the human diet, is also converted to eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Burdge 2006) . Research showed that fish-oil intake lowers triacylglycerol content (Annuzzi et al. 1991; Roche and Gibney 2000) . The triacylglycerol-lowering effect of fish oil has also been attributed to the EPA and DHA that are found in fish. Previous reports have shown that ALA in blood is inversely related to the risk of coronary heart disease in men, and ALA ingestion improved blood pressure in humans and rats (Djousse et al. 2003; Takeuchi et al. 2007; Sekine et al. 2007 ). Furthermore, with food culture in Japan becoming more westernized, metabolic syndrome has been gradually increasing, and prevention is needed. ALA consumption may contribute to the prevention of metabolic disorders such as obesity, dyslipidemias and diabetes, and the daily consumption of flaxseed oil containing ALA is considered advantageous.
Metabolic syndrome has emerged as a worldwide health problem and is strongly associated with cholesterol and fatty acids biosynthesis (Alberti et al. 2005; Shimano 2001 ). Recent evidence suggests that both biosynthetic pathways can be controlled by a common family of transcription factors designated SREBP-1a, -1c and -2 (Shimano et al. 1996 (Shimano et al. , 1997 (Shimano et al. , 1999 Horton et al. 1998; Pai et al. 1998 ). Our previous report has shown that administration of flaxseed lignan to mice significantly reduced high-fat diet-induced visceral and liver fat accumulation, blood total cholesterol and triacylglycerol. Furthermore, flaxseed lignan also suppressed SREBP-1c mRNA level and its target gene, FAS mRNA (Fukumitsu et al. 2008) .
One widely used model for studying the effects of dietary lipids and metabolic factors on adipocyte is the mouse 3T3-L1 adipocyte cell line, which was derived from disaggregated mouse embryos and selected based on the propensity of these cells to differentiate into adipocytes in culture (Green and Meuth 1974; Nishimura et al. 2004) . Cell culture models of adipocytes faithfully express many genes that are markers of adipocytes in vivo (Rosen et al. 1999) . Furthermore, studies using cell culture models showed that cultured differentiated adipocytes remain in their differentiated state which is not observed in studies using animal models.
Except for ALA, the n-3 PUFAs have been wellstudied for their effect on the regulation of gene expression specifically on the regulation of adipocytes differentiation and the regulation of stearoyl-CoA desaturase 1 mRNA expression. And although there are already reports on ALA-rich flaxseed oil's effect on hepatic cholesterol metabolism in rat (Clarke et al. 2002; Madsen et al. 2005; Sessler et al. 1996; Vijaimohan et al. 2006) , the molecular mechanism and genome-wide information using DNA microarray analysis of the effect of ALA on 3T3-L1 adipocytes has not yet been investigated.
The purpose of this study is to reveal the lipid metabolism-related effects of ALA, specifically on cholesterol and triacylglycerol biosynthesis and fatty acid oxidation, and to elucidate the molecular mechanisms of the inhibitory effects of ALA treatment on 3T3-L1 adipocyte cells based on DNA microarray and real-time PCR data.
Materials and methods

Materials
Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were obtained from Life Technologies Japan Ltd. (Tokyo, Japan). Penicillinstreptomycin was purchased from Sigma-Aldrich Co. (Tokyo, Japan). ALA was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Cells and cell culture
Mouse 3T3-L1 preadipocytes were purchased from the Japan Health Sciences Foundation (Tokyo, Japan). 3T3-L1 preadipocytes were cultured and the differentiation into adipocytes was quantified using the Adipogenesis Assay Kit (Cayman Chemical Co., Ann Arbor, USA). Briefly, cells were cultured in DMEM containing 10 % FBS in the presence of 1 % penicillin-streptomycin mixture and incubated at 37°C in a humidified atmosphere of 5 % CO 2 . At 2 days post confluence (day 0), cells were induced to differentiate with adipocyte conversion cocktail containing 10 % FBS, 0.5 mM methylisobutylxanthine, 1 lM dexamethasone and 1 lg/ml insulin. At 3 days after the induction (day 3), cells were maintained in and refed every 2 days with medium containing 10 % FBS and 1 lg/ml insulin. Related studies in published articles report a rate of differentiation of about 90 % at around 5 days following induction of differentiation, wherein cells display the characteristic lipid-filled adipocyte phenotype (Harmon and Harp 2001; Horton et al. 1998) . In this study, we performed the methods refered to these publications and the same trend of about 90 % cell differentiation was observed (data not shown). 3T3-L1 adipocytes were treated with 300 lM ALA from day 5 to day 12 after induction of differentiation. Control cells (undifferentiated and differentiated cells) were incubated without addition of ALA. Cell viability was spectrophotometrically determined using WST-1 reagent (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer's instructions (Nissen et al. 1997 ).
Microarray analyses
Sample preparation was carried out in accordance with the Affymetrix GeneChip 3 0 IVT Express Kit user's manual. Briefly, total RNA was reverse transcribed into double stranded cDNA, and biotin labeled aRNA was generated using the 3 0 IVT Express Labeling Kit (Affymetrix, Santa Clara, CA, USA). After fragmentation, biotin-labeled aRNA was hybridized to the Affymetrix mouse 430 PM Array strips (Affymetrix) containing probes for 45,123 mouse genes for 16 h at 45°C in the Hybridization Station (Affymetrix). Hybridized arrays were washed and stained in GeneAtlas Fluidics Station and GeneAtlas Instrument Control Software using the Hybridization, Wash and Stain Kit (Affymetrix). The chips were then scanned using the Affymetrix GeneAtlas Imaging Station to obtain the mRNA expressions data of 34,324 genes from mouse genome. Microarray data were generated by using two independent samples from 3T3-L1 cells. Primary data analysis was carried out using the softwares Partek Express (Ryoka Systems Inc., Tokyo, Japan) which is a stand-alone software and Reactome which is a software of a knowledge base of biologic pathway and processes (Vastrik et al. 2007; Croft et al. 2011) .
Quantitative real-time PCR Total RNA was extracted using Isogen reagent (Nippon Gene, Tokyo, Japan) following the manufacturer's instructions. RNA (1 lg) was reverse transcribed using a PrimeScript RT reagent Kit (TaKaRa, Shiga, Japan), and amplified using SYBR Premix EX Taq (TaKaRa), according to the manufacturer's protocol in a Rotor-Gene 6000. Sequences of primers used for quantitative realtime PCR were as follows: SREBP-1c, 5 0 -atcggcgcgga agctgtcggggtagcgtc-3 0 and 5 0 -actgtcttggttgttgatgagctgga gcat-3 0 ; SREBP-1a, 5 0 -tagtccgaagccgggtgggcggcggcgcc at-3 0 and 5 0 -gatgtcgttcaaaaccgctgtgtgtccagttc-3 0 ; SREBP -2, 5 0 -cacaatatcattgaaaagcgctaccggtcc-3 0 and 5 0 -tttttctgat tggccagcttcagcaccatg-3 0 ; FAS, 5 0 -tgggttctagccagcagagt-3 0 and 5 0 -accaccagagaccgttatgc-3 0 ; CPT-1a, 5 0 -ccaggctac agtgggacatt-3 0 and 5 0 -gaacttgcccatgtccttgt-3 0 ; leptin, 5 0 -t gacaccaaaaccctcatca-3 0 and 5 0 -tcattggctatctgcagcac-3 0 ; 18 s rRNA, 5 0 -cgcggttctattttgttggt-3 0 and 5 0 -tcgtcttcgaaa ctccgact-3 0 . The relative amount of each transcript was normalized to the amount of 18 s rRNA in the same cDNA sample. The thermal cycler (QIAGEN, Tokyo, Japan) conditions were as follows: 2 min at 50°C and then 10 min at 95°C, followed by two-step PCR for 40 cycles at 95°C for 15 s followed by 60°C for 1 min.
ATP assay ATP was extracted from 3T3-L1 adipocytes and preadipocytes, which were treated with or without ALA, seeded in 96-well plates using the Kinshiro ATP extraction system kit (LL-100-2; Toyo Ink, Tokyo, Japan) and measured with the Kinshiro ATP luminescence kit (LL-100-1; Toyo Ink) according to the manufacturer's instructions. ATP levels were read by a Perkin-Elmer Wallac 1,420 luminometer (Wellesley, MA, USA). Protein concentration was determined by the method of Lowry using bovine serum albumin as a standard (Lowry et al. 1951 ).
Statistical analyses
Statistical analyses of the results of the cell viability assay, real-time PCR analysis and ATP assay were performed using SPSS for Windows, version 14.0 J (SPSS Japan Inc, Tokyo, Japan). Data are presented as mean ± SD values. The homogeneity of variances and means were determined using the Levene test and 1-way analysis of variance (ANOVA), respectively. Differences between groups were examined for statistical significance using Tukey's HSD test, or the Games-Howell post hoc test (where variance was unequal). P \ 0.05 was considered significant.
The scanning data of DNA microarray were analyzed by the software Partek Express (Ryoka Systems Inc., Tokyo, Japan) which estimates gene significance using Analysis of Variance (ANOVA).
Results and discussion
Cytotoxicity of ALA on 3T3-L1 adipocytes
The preliminary test of cell cytotoxicity (WST-1 assay) was performed to determine which ALA concentration to use. Then, we confirmed the concentration of 300 lM ALA showed the highest activity on 3T3-L1 adipogenesis without cell cytotoxicity (data not shown). From these findings, we decided to use 300 lM ALA for the DNA microarray analysis. As shown in Fig. 1 , results of cell cytotoxicity showed that there were no statistically significant differences between the differentiated 3T3-L1 adipocytes treated with or without 300 lM ALA. In this study, we found that treatment with 300 lM ALA caused the lipid droplet size in 3T3-L1 adipocytes to become smaller compared with the control. Treatment with ALA, therefore, has a lipid size reduction effect but cannot cause the degradation or the formation of lipid droplets in adipocytes throughout the treatment period. Therefore, we believe that 300 lM ALA used in this study is the physiological concentration that can help maintaining healthy functions in lipid metabolism. Although flaxseed oil containing ALA cannot be used in a similar manner as a prescribed medicine to treat severe lifestyle-related diseases, regular consumption of 300 lM ALA (approximately 0.5 g/day as flaxseed oil) as food may help in improving the overall health of an individual. DNA microarray analysis of the effect of ALA on the global gene expression in adipocytes
To elucidate the molecular mechanism controlled by ALA, we investigated the change in gene expression of the adipocytes treated with or without 300 lM ALA for 1 week, 5-12 days after induction of differentiation, using the DNA microarray analysis. The gene expression profile of the 300 lM ALA-treated and -untreated differentiated 3T3-L1 adipocyte (control) cells, obtained using microarray with 45,123 probe sets, show that 21,516 genes were up-regulated, while 23,611 genes were down-regulated. We then identified the genes with significant change in gene expressions (decreased or increased expressions by[2.0-fold), and results showed that 87 transcripts were down-regulated and 185 up-regulated with a significant change ([2.0-fold, P \ 0.05), compared to the differentiated 3T3-L1 adipocytes (control) (data not shown).
DNA microarray analysis revealed a downregulation in the gene expressions of metabolism-related genes after ALA treatment Genes that were significantly expressed ([2.0-fold) were subjected to the overrepresentation analysis using the Reactome software and the results identified the enriched function-related gene groups (Table 1) . Table 1 shows a summary of the metabolism-related genes down-regulated ([2.0-fold) by ALA treatment determined using DNA microarray analysis softwares Partek express and Reactome. Ten genes (SC5D, TM7SF2, CYP51, HMGCS1, SQLE, ACSL3, ABCA1, ACSS2, ADH1 and SULT1A1), statistically overrepresented in the Fig. 1 Cytotoxic effect of a-linolenic acid (ALA) on 3T3-L1 adipocytes as determined by WST-1 assay. The percent cell viability was calculated relative to the undifferentiated 3T3-L1 cells. n = 3 replicates from 2 independent experiments. Error bars represent the mean ± S.D. *P \ 0.05 versus differentiated 3T3-L1 cells, **P \ 0.01 versus differentiated 3T3-L1 cells, Undiff, undifferentiated cells; Diff, differentiated cells metabolism pathway by following 300 lM ALA treatment, were mapped to their relevant pathways in Table 1 . The fold changes (down regulation over 2.0-fold) from the ratio of values of the 300 lM ALAtreated 3T3-L1 adipocytes to the differentiated 3T3-L1 adipocytes (control) are also shown in table (Table 1) . A previous report has shown that the saturated free fatty acid such as palmitic acid can induce insulin resistance and obesity in 3T3-L1 adipocytes (Van Epps-Fung et al. 1997; Yi et al. 2008 ). On the other hand, PUFAs, such as EPA and DHA, decreased the adipose tissue mass and suppressed the development of obesity in rodents (Madsen et al. 2005) . In the present study, ALA affected and suppressed genes that are involved in the following pathways: cholesterol biosynthesis, triacylglycerol biosynthesis, lipid transport, phase I-functionalization of compounds and phase II conjugation (Table 1) . SC5D, TM7SF2, CYP51, HMGCS1 and SQLE genes play an active role in cholesterol biosynthesis, from the step wherein it is utilized to synthesize acetyl-CoA until cholesterol is produced (Sugawara et al. 2001; Bennati et al. 2006; Rozman and Waterman 1998; Ferno et al. 2006 ). The protein encoded by ACSL3 gene activates fatty acids to synthesize acyl-CoA. This means that the suppression of the expression of ACSL3 will significantly decrease the hepatic de novo fatty acid synthesis (Bu et al. 2009 ). Moreover, ACSS2 which encodes for a cytosolic enzyme that catalyzes the conversion of acetic acid to acetyl-CoA was also down-regulated. ACSS2 gene expression is regulated by transcription factors SREBPs that activate genes required for the synthesis of cholesterol and unsaturated fatty acids (Luong et al. 2000) . Another gene that was downregulated was ABCA1 gene which encodes for a protein that serves as cholesterol transporter that is widely expressed throughout the body and the deficiency of which reduces lipid efflux to exogenous apoE (HirschReinshagen et al. 2004) . In this study, it appears that the down-regulation of ABCA1 by ALA treatment was caused by the reduction in the intracellular cholesterol level. This indicates that treatment with ALA in differentiated 3T3-L1 adipocytes caused a down-regulation of the gene expression of the genes involved in cholesterol and triacylglycerol biosynthesis pathways. In addition, ADH1 and SULT1A1 genes which are involved in xenobiotic metabolism (Gemma et al. 2006; Senggunprai et al. 2009 ) were down-regulated by ALA (Table 1) . ADH1 and SULT1A1 genes expressions have been reported to be changed by alcohol and drug administration, and the changes in the expression of these genes lead to detoxification (Senggunprai et al. 2009; Gemma et al. 2006) . In particular, the protein encoded by ADH gene is able to metabolize and detoxify ethanol and a wide variety of substances, including other aliphatic alcohols, hydroxysteroids and lipid peroxidation products (Gemma et al. 2006) . Furthermore, the protein encoded by SULT1A1 gene catalyzes transfer of a sulfonyl group from 3 0 -phosphoadenosine 5 0 -phosphosulfate to an acceptor substrate compound containing either an hydroxyl or amino group (Senggunprai et al. 2009 ). These mechanisms are important to protect our biological bodies against various xenobiotics including environmental chemicals, therapeutic drugs and dietary compounds (Singh and Michael 2009; Senggunprai et al. 2009; Gemma et al. 2006 ).
Effect of ALA on the mRNA expressions of lipid metabolism-related factors
Results of the DNA microarray analyses clarified that ALA has a regulatory effect on cholesterol and fatty acid biosynthesis pathway. In this study, we focused on the lipid metabolism-related effects of ALA, specifically on cholesterol and triacylglycerol biosynthesis. To confirm these results, the expressions of the genes of the transcription factor SREBPs regulating the expressions of the lipid metabolism-related genes were investigated using real-time PCR.
SREBPs have been established as lipid synthetic transcription factors especially for cholesterol and fatty acid synthesis (Shimano 2001 (Shimano , 2002 . There are three known SREBP isoforms designated as SREBP1a, SREBP-1c and SREBP-2 (Horton et al. 1998) . In vivo studies results suggest that SREBP-1 is more active for lipogenic genes while SREBP-2 is more specific to cholesterogenic genes (Shimano et al. 1996 (Shimano et al. , 1997 (Shimano et al. , 1999 Pai et al. 1998; Horton et al. 1998 ). In addition, SREBP-1c increases the expression of genes involved in the fatty acid synthetic pathway, such as FAS (Shimano 2001) . Furthermore, it has been reported that SC5D gene is regulated by SREBPs because the promoter activity of SC5D was inhibited by oxysterol which mediates the regulation of SREBPs (Sugawara et al. 2001) . It has been also reported that the binding of SREBP-2 to the sterol regulatory element (SRE) of TM7SF2 produced approximately 26-fold promoter activation, whereas mutation of the SRE motif caused a dramatic decrease of transactivation by SREBP-2 (Schiavoni et al. 2010) . Researchers reported that CYP51 and SQLE genes contained a potential copy of consensus SRE sequence which could bind to SREBPs, and HMGCS1, ACSL3 and ACSS2 genes are known as SREBP-controlled gene (Ferno et al. 2006; Luong et al. 2000; Nagai et al. 2002; Rozman 2000) . As shown in Fig. 2a , real-time PCR results showed that the SREBP-1a, SREBP-2, SREBP-1c and FAS mRNA levels in the 300 lM ALA-treated 3T3-L1 adipocytes were significantly decreased by 0.79-fold, 0.59-fold, 0.43-fold and 0.58-fold, respectively, compared to the differentiated 3T3-L1 adipocytes.
Additionally, Cpt-1a and leptin are lipid metabolism-related enzymes and fatty acid oxidation-related enzymes genes. In this study, the average mRNA expression levels of CPT-1a and Leptin in the 300 lM ALA-treated adipocytes were increased by 1.7-fold and 2.9-fold, respectively, compared to differentiated 3T3-L1 adipocytes (Fig. 2b) . Cpt-1a is responsible for early stage differentiation in adipocytes which is necessary for the fatty acid oxidation of long-chain fatty acids in mitochondria (Tsuruoka et al. 2005) . A a Fold change data were calculated from the ratio of 300 lM ALA-treated 3T3-L1 adipocyte to the untreated 3T3-L1 adipocyte previous report has shown that C75, an a-methylenec-butyrolactone, interferes with the binding of malonyl-CoA to the active site of Fas enzyme, inhibits Fas and activates Cpt-1a to alter ATP content (Ronnett et al. 2006 ) and Cpt-1a induced leptin and decreased fatty acid synthesis (Wang et al. 1999) . As shown in Fig. 3 , the 300 lM ALA-treated cells significantly increased the intracellular ATP content in 3T3-L1 adipocytes compared to the differentiated 3T3-L1 adipocytes.
Previous studies have shown that dietary intake of ALA is associated with a decreased risk of cardiovascular diseases in human and plasma cholesterol and triacyglycerol-lowering effects of ALA rich flaxseed oil in high-fat diet fed rat (Vijaimohan et al. 2006; Djousse et al. 2003) . However, the effects of ALA on the signal transduction of cholesterol and triacylglycerol biosynthesis in adipocytes are not clearly understood. As shown in Fig. 4 , these results show that the expression of SREBPs (SREBP-1c, SREBP-1a, SREBP-2) was significantly decreased by 300 lM ALA treatment in differentiated 3T3-L1 adipocytes. Fig. 3 Effect of a-linolenic acid (ALA) on the intracellular ATP levels in 3T3-L1 cells. Starting at 5 days after the induction of 3T3-L1 cells differentiation, cells were treated with or without 300 lM ALA for 1 week. ATP levels were measured using the Kinshiro ATP luminescence kit and protein concentration was determined by the method of Lowry. n = 3 replicates from 2 independent experiments. Error bars represent the mean ± S.D. **P \ 0.01 versus differentiated 3T3-L1 cells Fig. 4 Schematic representation of the cascade of reactions involving the cholesterol and triacylglycerol biosynthesis-related genes and fatty acid oxidation in 3T3-L1 adipocytes following a-linolenic acid (ALA) treatment. Black arrows indicate downregulated expression ([twofold) determined using DNA microarray analysis while gray arrows indicate the changes in lipid metabolism-related gene expressions determined using real-time PCR. G3P, glycerol-3-phosphate; TAG, Triacylglycerol
As a result, we considered that ALA suppresses the expression of genes related to the de novo cholesterol and triacylglycerol biosynthesis (SC5D, TM7SF2, CYP51, HMGCS1, SQLE, ACSL3, ABCA1, ACSS2) based on DNA microarray analysis. However, further studies to investigate the direct regulatory effect of SREBPs on lipid synthesis by using knockdown and knockout SREBPs gene expression will be needed. In addition, ALA enhanced the expression of genes related to the fatty acid oxidation (CPT-1a, leptin) in differentiated 3T3-L1 adipocytes based on real-time PCR analysis. Further experimental and clinical investigations will also be needed to ascertain the beneficial effects of ALA on health.
In conclusion, this study presents ALA, one of the n-3 PUFAs, as beneficial for the improvement of lipidmetabolism by specifically targeting cholesterol, triacylglycerol biosynthesis and fatty acid oxidation in differentiated 3T3-L1 adipocytes, the molecular mechanisms of which was elucidated using DNA microarray and real-time PCR analyses. These results will add another dimension to our understanding of the molecular mechanism of the effect of ALA on the differentiated 3T3-L1 adipocyte and will be helpful in understanding the potent application of ALA contained in flaxseed oil, as a food that can help preventing metabolic and cardiovascular diseases. This is the first report that clarifies the molecular mechanisms related to cholesterol and triacylglycerol biosynthesis pathway in 3T3-L1 adipocytes by ALA treatment.
